It has been previously demonstrated that the optical whispering-gallery modes inside a micro-sphere resonators can be used for extremely sensitive temperature sensing. This work attempts to utilize the high-resolution measurements of an optical micro-annulus in order to detect the temperature change in a current carrying wire. A wire is coated with a thin layer of dielectric material as an annular sensor and positioned next to an optical taper. Current is then run through the wire to create joule heating and the temperature change is correlated with the frequency shift in the whispering-gallery mode resonance inside the micro-annulus. The experimental results will be analyzed and presented.
INTRODUCTION
High Q-factor Whispering-Gallery Mode (WGM) based optical sensors have been increasingly investigated in recent years because of their ability to be used as high accuracy microsensors in a variety of applications. Studies have demonstrated extremely fine measurements of humidity [1] , molecular detection, [2] , and temperature [3] . In most experimentation, an optical resonator is coupled with a tapered optical fiber to create a WGM sensor [1] [2] [3] . A number of different geometries for the resonator have been studied including micro spheres, cylinders, torus, and disks. These circular geometries allow for a single mode of light, captured from the evanescent field around the tapered fiber, to be internally reflected around the outer surface of the resonator. The WGM resonance frequencies are functions of the size and refractive index of the micro resonator. As such the WGM resonance depends greatly on the thermal expansion and thermooptic coefficients of the material chosen to fabricate the resonator from. Materials such as silicon and polydimethylsiloxane (PDMS) have been used in the past due to their physical properties, low cost, ease of fabrication, and high achievable Qfactor [3, 4] .
Current setups often involve building a chamber around the WGM sensor and conducting the desired experiment within this chamber [1, 3] . In the case of temperature measurements, this often involves directly heating or cooling the chamber indirectly causing the resonator's temperature to change and a measurable shift in the WGM resonance frequencies [3] . PDMS based resonators with Q-factors of 10 6 have been demonstrated to have sensitivities of 0.151nm/K with resolutions as high as 10 -4 K [4] . The Q-factor is a dimensionless parameter that illustrates the amount of energy dissipation occurring inside the resonator. Higher Q-factors represent lower energy loss inside the resonator.
It is the aim of this paper to directly fabricate the microresonators onto the heating element in order to develop methods for direct on-chip temperature measurements. This is the next step towards integrating the high-resolution measurement capabilities of the WGM micro-sensor to industrial applications.
PREPARATION OF COATED WIRE
For these experiments, PDMS (Dow Corning Sylgard 184) was used to fabricate the micro resonators, and .005-inch diameter Nichrome wire (McMaster-Carr) was used as the heating element. PDMS was chosen for its high Q-factor and ease of manipulation before curing, unlike silicon, which is solid at room temperature and must be heated to high temperatures or combined with unavailable chemical procedures to create a WGM resonator. Nichrome wire was used because of its low cost and its common use as heating coil.
The PDMS was prepared in a 7:1 ratio thoroughly mixed and then degassed in a vacuum oven (Fisher-Scientific 202) for 30 minutes to remove trapped air. Two techniques were attempted to fabricate PDMS based microresonators on the nichrome wire. Microannular geometries were created with different characteristics. A shape similar to a microsphere can be seen in figure 1a-d. They represent microannulus with a large diameter gradient. Microcylinders, on the other hand, can be seen in figure 1e and refer to a microannulus with slow-varying diameter.
The first technique was rolling the wire through the PDMS, hanging the coated wire, and then curing the coated wire in a vacuum oven. The second technique was dipping a stripped and cleaned optical fiber into the PDMS and quickly removing so that a PDMS bead formed on its tip, then placing that bead onto the wire, care must be taken to allow the bead to form evenly around the wire, and then curing the PDMS either by oven or running current through the wire. It was found that any cylinder created by the rolling method produced inconsistent results. The cylinder formed from rolling would quickly bead due to surface tension. This caused inconsistently sized microspheres and left no microcylinders along the wire. Attempts were made to use more viscous PDMS solutions to slow down the beading process, but the size and shape of the resonators formed could not be well controlled. Using the dipped fiber, beads could be consistently fabricated on the order 200 µm in diameter or larger; tapering the optical fiber creates smaller beads. In attempt to create microcylinders, the wire was directly heated by a passing current to allow curing to take place promptly preventing the beading of microcylinders. The nichrome wire was hung vertically both ends connected to a power supply. Using a stripped optical fiber, a bead of PDMS 0.5 -1 mm in diameter was deposited onto the wire, and a current of 0.2 Amps was sent through the wire. This current heated the wires surface causing the small beads on it to quickly cure in place and causing the large bead to slide leaving PDMS microcylinder with a thickness of about 10 µm behind it. This process could be repeated to increase the thickness of the microcylinder. The wires were than placed into an oven to insure they had fully cured. Figure 1 shows beads and cylinders fabricated using this method.
EXPERIMENTAL SETUP
The experimental setup is shown in figure 2 . The coated wire is placed into the 3D translational stage (Thorlabs). Attached to the 3D translational stage is a chamber used to enclose the WGM sensor. The 3D translational stage was designed to hold the coated wire by clamping both extremes of the wire tightly. The 3D translational stage is used to control the movement of the wire when coupling to the fiber taper. Once the wire is placed into the 3D translational stage, a microscope (AmScope MD800E) is used to identify the bead that will excite the WGMs, and align the bead with the fiber taper. Finally, the ends of the nickel chromium wire are clamped to two wires using alligator clips. These wires are connected to the positive and negative sockets of the DC power supply (Protek 303).
Two fiber clamps hold the fiber taper. The left end of the fiber taper shown in figure 2 is coupled into a DFB 1516 nm laser (NEL NLK1556STG), which is ramped by a sawtooth shaped current using a function generator (HP 33120A) and a laser controller (Lightwave LCD-3724B). The right end of the fiber taper is directed towards a photodiode detector (Thorlabs PDA400), which converts the optical signal into a voltage signal. This output signal is then recorded using a digital oscilloscope, Picoscope (Picotechnology 3206B), to obtain the WGM spectrum. The Picoscope has 2 input channels, A and B, as well as an external trigger input. The WGM spectrum is recorded via channel A.
In addition, the thermocouple (Omega T-type) is placed at 0.3 mm away from the coupling system to monitor the temperature change surrounding the bead. The thermocouple is then plugged into a thermocouple amplifier (Omega Omni Amp IIB), which is attached into the second input channel of the thermocouple. A trigger single produced by the function generator is connected to the external trigger channel of the Picoscope. Both WGM spectrum and the temperature near the bead are recorded simultaneously over the course of the experiment. The data is collected in a time window that starts when the external trigger is detected and ends depending on the frequency of the sawtooth ramp. 
RESULTS AND DISCUSSION
During the first trails of the experiments the WGM sensor was left in open air. This resulted in large variations in the local temperature surrounding the bead. Temperatures could vary as much as 2 degrees between readings, due to natural flow of air inside the lab, making it difficult to correlate the temperature change to wavelength shifts. In order to mitigate the effects of this forced convection a chamber was fabricated to conduct the experiment within. Figure 3 shows the chamber design as well as a comparison of thermocouple temperature readings of a heated wire recorded with and without the chamber. The chamber is made of PVC and covered with a PDMS lid. With the chamber in place the heating and cooling inside the chamber follow an exponential growth and decay as predicated by the heat equation. A high Q-factor of the resonators is vital for collecting high-resolution data. The procedures outlined in the fabrication section of this paper have produced microspheres with Q-factors of 10 5 -10 6 . Recent experiments have created microcylinders with Q-factors on the order of 10 5 , but they still tend to be lower than those found in the microspheres and tend to have more surface roughness making it more difficult to locate good coupling locations. It is our belief that as the techniques used are better perfected, we should be able to achieve both microcylinders and microspheres with Q-factors consistently on the order of 10 6 . Figure 4 represents the data obtained by aligning a 260 µm diameter bead with the fiber taper and using a 0.2 Amp current to heat the wire. To collect data picoscope was set to obtain approximately 1 million samples per waveform. Each data point represents the average of 10 waveforms collected in under one second. In figure 4 the data was collected at a ramping frequency of 100 Hz with 3.6525 seconds between each data point. The Q-factor in this experiment was found to be on the order of 2.5 × 10 5 lower than the maximum achievable. This lower result was due to the long exposure to open air, creating impurities on the surface of the micro resonator and dropping the overall Q-factor. To extend the life of the PDMS micro resonators, they are now kept either in vacuum or in an airtight container when not in use. Figure 5 shows the data collected during the cooling phase of the same experiment. The data collected demonstrates a high linear correlation between changes in temperature and shifts in the WGM resonance peaks. In addition, when measured against time, we see a strong exponential relationship, indicating that the WGM sensor is capable of dynamic measurements of temperature change caused by variable current running through the wire.
When observed through a microscope the wire shifts when the power supply is turned on, off, or the current is adjusted. This movement of the WGM sensor can explain the discrepancies between the results during the heating and cooling phase. Though these movements are small, they are enough to change the coupling between the fiber taper and the WGM sensor. This makes it very difficult to find the exact linear correlation between the changes in temperature and shifts in the resonance peak. The data in both figure 4 and 5 was collected after the WGM sensor shifted and settled into a stable position.
In summary, proof of concept for micro resonators fabricated directly onto heating wires has been demonstrated. PDMS WGM sensors have been demonstrated to have extremely high sensitivity to changes in temperature and these resonance peaks can be followed to dynamically measure the changing wire temperature.
In future work, our group is making efforts to optimize the chamber. We hope to increase the tension inside the wire to prevent any movement of the wire as the current varies. As well, we hope to develop a technique for creating silicon-based microsensors on current carrying wires, allowing for Q-factors of 10 7 to be achieved. Comparisons can then be made between the PDMS and silicon sensors.
Silicon has higher thermo conductivity but a smaller thermal expansion coefficient, and we are interested in exploring the sensitivity of silicon-based sensors. In addition, as the techniques for fabricating microcylinders improve, a comparison between the sensitivity of micro resonators with different geometries and similar Q-factors can be conducted.
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